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Summary

The photo-induced reaction of Cp;M(CO), complexes (Cp'= C;Hy, C;H,; M=
Ti, Zr, Hf) with trimethylphosphine provides the substitution products
CpyM(PMe, )}(CO) in high yields. Cp,TiCl(PMe,) is obtained by the reduction of
Cp,TiCl, with magnesium in the presence of PMe;. The spectroscopic data for these
complexes and the X-ray structures of Cp,Ti(PMe,)}(CO) and Cp,TiCl(PMe,) are
compared.

Introduction

It is well-known that acceptor ligands like CO can stabilize titanocene, “Cp,Ti”,
and Cp,Ti(CO), (1) was reported as early as 1959 [1]. This complex has been widely
used as a precursor of titanocene derivatives [2]. Very recently we described the
preparation of Cp,Ti(PMe,), (2) [3], a much more reactive and thus more versatile
source of “titanocene”. Complex 2 loses both phosphine ligands under extremely
mild conditions to afford a variety of disubstitution products [3,4]. In some cases,
however, 2 is too reactive, causing oligomerization and polymerization of un-
saturated ligands such as isonitriles and alkynes. For this reason, we have developed
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routes to the mixed ligand species Cp-M(PMe, (CO) (M = Ti. Zr. Hf) and some
indenyl derivatives and we describe below the syntheses of these complexes and
present a comparison of their spectroscopic data. The crystal and molecular struc-
tures of the mixed ligand complexes 3 and 7 are also reported. and compared with
those of related derivatives. The complexes Cp,TiPMe }CO) (3) and
Cp, Zr(PMe ) (CO) (4). obtained under different conditions, have been briefly de-
scribed previouslv [5].
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Results and discussion

1. Syntheses

Photochemical replacement of one CO ligand of 1 leads to the mixed derivative
Cp,Ti(PMe, )(CO) (3) in a high yield. It has not been possible to replace the
remaining CO ligand to form 2 even under photochemical conditions.

The related compounds Cp,Zr(PMe;)}(CO) (4), Cp,Hf(PMe,}(CO) (5) and
(CyH,),Ti(PMe, (CO) (6) (CoH, = indenyl) were also synthesized in good yields by
photochemical routes from the respective dicarbonyls. The chloro-substituted com-
plex Cp,TiCl(PMe;) (7) was obtained via a partial reduction of Cp,TiCl, (8) in the
presence of PMe, and HgCl,. In the absence of HgCl,, reduction is much more
rapid, and only 2 is obtained [3]. We also obtained 7 from (Cp,TiCl), and PMe, in
THF., utilizing the method of Green and Lucas [6].

2. Spectroscopic characterization

The relevant IR and NMR data for compounds 1-6 are given in Table 1 together
with those for Cp,TiCl, (8). The IR spectra reveal a strong interaction between the
two-electron ligands CO and PMe,. Thus, the CO stretching frequencies of 3-6 are
much lower than those for 1, as a result of enhanced Ti — CO back-bonding in the
mixed ligand systems. A decrease in the CO absorption frequency in the complexes
Cp,Ti(PMe,)(CO) (3), Cp,Zr(PMe, }(CO) (4) and Cp, Hf(PMe, (CO) (5) indicates a
strengthening of the M—CO bond on going down the series. Analogous trends have
been observed in the corresponding series of complexes Cp,M(CO), (M = Ti, Zr,
Hf) [7].

A comparison of the 'H and '*C NMR spectra of compounds 1-3 indicates that
the electron density in the cyclopentadienyl rings is very little affected by the
substitution of PMe, for CO ligands, although it differs considerably from that in
the complex Cp,TiCl, (8) which is formally titanium(IV). The 'H and '*C NMR
data for the Cp rings in Cp,Ti(PMe;)(CO) (3), Cp,Zr(PMe;)(CO) (4) and
Cp, Hf(PMe, )(CO) (5) indicate there is only slight variation in ring electron density

Fig. 1. Molecular structure of Cp,Ti(PMe;)}CO) (3).
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TABLE 2
BOND DISTANCES (A) AND BOND ANGLES (°) OF Cp,Ti(PMe; )(CO) (3)

Atoms “ Distances Atoms Angles

Ti-P 2.544(1) P-Ti-C(1) 88.2(1)

Ti-C(1) 1.963(5) Z(1)-Ti-Z(2) 136.9(3)
P-Ti-Z(1) 105.5¢(2)

P-C(111) 1.826(8) P-Ti-Z(2) 106.7(2)

P-C(112) 1.824(7) C(H-Ti-Z(1) 104.8(2)

P-C(113) 1.826(10) C(H-Ti-2(2) 104.1(3)

C(-0 1.185(6) Ti-P-C(111) 116.6(3)
Ti-P-C(112) 116.8(3)

Ti—C(11) 2.333(5) Ti-P-C(113) 118.8(3)

Ti-C(12) 2.371(5) C(111H)-P-C(112) 99.8(4)

Ti—C(13) 2.379(6) C(112)-P-C(113) 99.4(4)

Ti-C(14) 2.350(6) C(111)-P-C(113) 102.3(4)

Ti-C(15) 2.335(6) Ti-C(1)-O 177.2(4)

Ti-C(21) 2.344(6) C(15)-C(11)--C(12) 107.9(5)

Ti-C(22) 2.345(5) C(11H)-C(12)-C(13) 108.5(5)

Ti-C(23) 2.365(6) C(12)-C(13)-C(14) 107.9(6)

Ti-C(24) 2.378(7) C(13)-C(14)-C(15) 109.7(6)

Ti-C(25) 2.367(7) C(14)-C(15)-C( 106.0(6)
CR5)-C21-C22) 107.2(7)

Ti-Z(1) 2.036(6) C(21)-C(22)-C(23) 107.6(7)

Ti-Z(2) 2.044¢6) C(22)-C23))-C(29) 108.1(6)
C(23)-C24)-C(25) 108.6(7)

C(11)-C(12) 1.376(9) C24)-C25)-C(21) 108.4(7)

C(12)-C(13) 1.377(8)

C(13)-C(14) 1.380¢9)

C(14)-C(15) 1.376(11)

C(15)-C(11) 1.426(8)

C(21)-C(22) 1.418(9)

C(22)-C(23) 1.372(12)

C(23)-C(24) 1.389(11)

C(24)-C(25) 1.373(11)

C(25)-C(21) 1.380(13)

“ Z(1). Z(2) are the centroids of the C; rings.

with changes in the metal. In contrast. the phosphorus nuclei in 3-5 experience
enhanced shielding proceeding down the series, as evidenced by the 'P NMR shifts.
A comparison of the IR data in the complexes Cp,Ti(PMe,}CO) (3) and
(C,H,), Ti(PMe,(CO) (6) indicates that substitution of indenyl ligands for Cp
ligands has a minimal effect on the electron density of the CO groups.

3. X-Ray structures

A single molecule of Cp,Ti(PMe,)(CO) (3) is shown in Fig. 1; bond distances and
angles are given in Table 2.

The two Cp rings are planar within the error limits, the deviations of the C atoms
from the best plane being < 0.003 A. The vectors normal to the ring planes include
an angle of 136.9°.

A single molecule of Cp,TiCl{(PMe,) (7) is shown in Fig. 2: bond distances and
angles are given in Table 3.



Fig. 2. Molecular structure of Cp TiCIEPMe, ) (7).

The two compounds 3 and 7 are isomorphous, with the CO ligand in 3 corre-
sponding to the Cl ligand in 7. This was indicated by the similar lattice constants for
the two compounds and was confirmed by the (independent) structure determina-

TABLE 2
BOND DISTANCES (A) AND BOND ANGLES (°) OF (p TiC ](P\h (7

Mom\ Distances \tom\ \m'iu
Ti -l 2.481(2) P Ti-C}
Ti-P 25991 201y T 242y
Poti-dehy
P-C(111) LRITS) Pt
P C(112) 1.823(6y ClTie-Zihy 18,900
P C(113) 1.83506) CHT 202 R EBAS
Ti Cily 2.365(6) It P-Cilly Ti6 12
Ti-C(12y 2.404(7y Ti-P-Ci1y 117920
Ti-C13) 23747y -P-Cell 116312
Ti-Cil4; 2.394¢8, CLh -9 iy OGRS
T CO5 23727 Celi2y PGy i
T2 2340063 Cillty P-Celyy
Ti-Ci22y 23577y COEsy - Cri e Cay
T C(23) 23RHT Colly -Cp1 2y -0 )
Ti-C24) 2.3997) 125U H-Cordy FHLATY
Ti-C25) 23746y (41«) Cildy - C1s) 7607y
C1dy (‘l’ i TOR.0 Ty
Ti-Z(1) 2071 C25) - Ce21y - 107 56y
Ti-Z42 2.0647) 21 ((w) Ci23% 107 3063
CR22-C2A/H-C2h TOS.2(6)
C11y-C12) 1.413(12) [ —(,‘24) (s T S
C12)-C13y 1337 Ci2d)-Ce25)- ey JO7 dien
Ci1)-Cold 1364012y
C(l4y C15) 1.383(13)
Cieln)- Gy 1.395(10)
C2n-C2 1.401010)
Ce22)- (2% 136311
23y €29y T.3SR(10)
C24)-C(25; 1362010
C25-C2 1373011
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TABLE 4
BOND DISTANCES AND BOND ANGLES OF 1-3 AND RELATED COMPOUNDS ¢

Ti-CO  Ti-P Ti-Z Ti-Cl Z-Ti-Z  L-Ti-L  Ref.
Cp,Ti(CO), (1) 2.03011) - 2.03 138.6 87.96) 11
2.02
Cp,Ti(PMe, CO)(3)  1.963(5)  2.544(1)  2.04 1369 88.21)
2.04
Cp,Ti(PEL, )(CO) 2.009(4)  2.585(1)  2.05 138.7 90.3(1) 10
2.06
Cp,Ti(PMe;,), (2) - 2.524(4)  2.05 1332 91.5(2) 3
2.527(3)  2.06 134.3 92.9(1)
2.527(3) - 2.06
Cp’,Ti(DMPE) - 2.527(4) 135.2(2)  76.9(2) 9
2.540(4)
Cp,Ti(PF,), - 2.340(6)  2.01 137.1 87.3(1) 10
2.349(6)  2.02 1380 88.142)
Cp,TiCl, (8) - - 2.060 2367(2)  130.89(5) 94.43(6) 19
2.056 2.361(1)
Cp,TiCl(PMe,) (7) - 2.599(2)  2071(7)  2482(2) 132.3(3) 804y °
2.064(7)

“ Abbreviations: Cp = n*-cyclopentadienyl (C;Hs): Cp’ = n°-methylcyclopentadienyl (CsH4CH,), Me =
methyl (CH;). Et =ethyl (C,H), DMPE =1,2-bis(dimethylphosphino)ethane (Me, PCH,CH,PMe,).
Z = center of the C ring (Cp or Cp’); L = ligand other than Cp or Cp’. " This work.

tions. An atom at (x, y, z) in 3 has a counter atom at approximately (x,1/2 —y, z
in 7.

In Table 4 the essential structural parameters of a series of Cp,Ti-type complexes
possessing phosphine ligands are tabulated together with those for the related
complexes Cp,Ti(CO), (1) and Cp,TiCl, (8). Comparison of the data indicates that
the distance between the metal and the two Cp rings is insensitive to ligand
substitution; the Ti-Z values range from 2.01 to 2.07 A, the complexes with strong
acceptor ligands (Cp,Ti(PF;), and Cp,Ti(CO),) having the shortest Ti—Z distances.
The Z-Ti-Z angles also vary within narrow limits (130-139°). Hoffmann et al. [8]
have predicted that an increase in the 7-acceptor character of L should be accompa-
nied by a decrease in the Z-Ti-Z angle. In this series, however, this angle decreases
as the #-acceptor CO ligands of 1 are replaced by PMe,. a poor acceptor, to form 3,
and decrease again in 2. This is probably due to the steric requirements of PMe,,
which are more important than the expected effects of decreased back-bonding. The
structural parameters of the Cp,Ti unit of the mixed complex Cp,Ti(PMe,)(CO) (3)
fall exactly between those of Cp,Ti(CO), (1) and Cp,Ti(PMe,), (2).

The Ti-P distances of all complexes containing trialkylphosphine ligands range
from 2.52 to 2.60 A; the corresponding values of the chelating complex
(MeC;H,),Ti(dmpe) (2.527(4) and 2.540(4) A) are in good agreement [9]. In
contrast, the Ti—-P distances of Cp,Ti(PF,;), (2.340(6) and 2.349(6) A) are much
smaller [10], the shortening being due to increased Ti—P back-bonding. Atwood et al.
[10] have suggested that the Ti—P bond in Cp,Ti(PEt,)(CO) is elongated because of
steric crowding. This is supported by a comparison with the Ti-P distance in
Cp,Ti(PMe, )(CO) (3) which is 0.04 A shorter.

The Ti-C(carbonyl) distance of Cp,Ti(PMe,)(CO) (3) (1.963(5) A) is shorter than
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the corresponding distance o Cp,TCOY. (1) (203011 Ay [T, presumably be-
cause of enhanced Ti - CO buck-bonding. This result s consistent with the TR datu
discussed above.

The .- Ti -L angles (1. = CO or phosphine) again fall within @ narrow range. from
87.9 10 92.9°. The D’\H)l complex possesses an exceptonadiy smadl Py P oangle
(76.9(2)7) as a result of the geometry of the chelating hgand In the 7 complex
Cp,TiCE (8), the L-Ti L oangle s larger (94.43(6)7) than tuat of the ¢ comples
Cp, TiCHPMe ) (7) (RO4(H) 73 This s m accord with amather of Hoffmann's predict-
iun\ lh‘tt as the number n!‘ d electrons increases, the LT Loanele decreases {81 The
i -1 angles of the d- complexes (87.3¢1y 929117 are actualby farger than those
in lhc d'complex Cp TiCHPMe,) (7). presumahby for steric reason. but ure
nevertheless smaller than thay of Cp N, (8

Experimental

Preparations

All operations were performed under argon. Pentane and THE were dried over
Na,/K allov and freshly disulled. The complexes Cp-TuCOy. (1) [12]L Cp-ZrC Oy
[7}. Cp HECO), [7] and Cp TuPMeyy. (2y [3] were .\'\[HhL\X/L‘d by hiterature
procedures. Mass spectral values are based on UTL Ty und TUHE bsotopes.

respectively.

Cp TitPMe j0COj 13

A solution of 800 mi pentane containing 5.00 ¢ (21.4 mmol) Cp. T COy, (1) and
5.0 ml (53 mmoly PMe, was irvadiated moa fallhing-film photo-reactor (Hanovia 450
Wi at —20°C, When gas evolution ceased and only the single »(CO1 absorption of 3
(1864 ¢m 'y remained in the TR spectrum of the solution. the solvent was removed
i vacuo to recover unreacted PMe. The residue was extracted with 406 mil pentane
and the solution wax filtered 1nuugh filter-aid. concentrated o 10U ml and cooled
to —78°C. Complex 3 formed as dark-brown c:r\st'ils which were dried i vacuo.
Yield 5.35 g (89% ). Mass specteum: s Je 254 (A — COURG 178 (Up T L TS
T3 (CpTi. 37%), 76 (PMe., 45% 1

Cp . ZriPMe )iCO) (4)

A solution of 300 ml pentane contaiming 2.77 ¢ (10.0 mmoly Cp- Zr(COy . and 3.0
m! (32 mmoly PMe, was stirred at room temperature and illuninated with room
fighting. (The reaction does not proceed in the dark.y When only the single #(C0O)
absorption of 4 remained m the solution TR spectrum (36 hic the solvent was
removed. The residue was redissolved in 250 ml pentune and the solution was
filtered. concentrated to 30 mi. and cooled to —78°C. Complex 4 was olated as
finc vellow needles. Yield 2,75 g (83% ) Mass spectrum: s e 324 07 1301 296
(M COU3%). 220(Cp. Ze . 100% ), 76 (PMe,. 5%,

Cp HiPMe )(COj (5

A solutten of 20 ml pentane containing 220 mg (0.6 mmoly Cp, Hi{CO), and 0.3
ml (3 mmol) PMe, was irradiated at room temperature (Hanovia L 430 W) for 35
min. The orange sotution was filtered and removal of the solvent in vacuo loft a
crystalline orange solid.
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Yield 200 mg (81%). Mass spectrum: m/e 414 (M ™. 9%). 386 (M — CO, 56%).
76 (PMe,. 5%).

(CyH,),Ti(PMe,)(CO) (6)

A 500 ml Schlenk flask was charged with 1.00 g (2.86 mmol) (CyH,),TiCl, [13]
and 350 mg (14 mmol) magnesium turnings. THF (50 ml) was added. and the
mixture stirred vigorously under a slight CO pressure for 20 h. The solution was then
passed through a 3 X 2 c¢m plug of 10% deactivated alumina and the product was
eluted with THF. The solvent was removed in vacuo and the residue was extracted
with 200 ml pentane. The extract solution was passed through another 2 X 3 ¢cm plug
of 10% deactivated alumina, 2 ml (21 mmol) PMe, was added. and the solution was
irradiated at —10°C for 2 h. The brown,/maroon solution was filtered, and black
needles formed as the solvent was removed in vacuo. Yield 590 mg (54%). Mass
spectrum: m/e 306 (M — PMe,, 3%). 278 (Ind,Ti", 95%). 163 (IndTi™, 20%). 115
(Ind™, 100%), 76 (PMe,, 39%), 61(PMe, ", 51%).

Cp,TiCl{PMe;) (7)

A mixture of 1.00 g (4.02 mmol) Cp,TiCl,, 430 mg (17.7 mmol) magnesium
turnings, 22 mg (0.08 mmol) HgCl, and 1.5 m! (16 mmol) PMe, in 20 ml THF was
stirred at room temperature until the solution became blue. The solvent was removed
in vacuo and the residue extracted with toluene. After filtration and concentration in
vacuo the solution was cooled to —20°C to give complex 8 as blue-green crystals.
Yield 950 mg (82%). Mass spectrum: m/e 213 (M~ — PMe,, 93%). 178 (Cp,Ti",
19%), 148 (CpTiCl*, 100%), 77 (PMe H*, 5%). 65 (Cp ™. 3%).

Spectroscopic measurements
The following instruments were used: IR: Perkin Elmer 297; NMR: JEOL FX 90
Q; Mass: Varian CH 7 (electron impact, 70 eV).

TABLE 5
ATOMIC COORDINATES FOR Cp,Ti(CO)PMe;) (3)

Atom X ¥ z Uy

Ti 0.17122(0) 0.39998(0) 0.31962(1) 0.044(1)
P 0.0718(1) 0.2669(1) 0.3335(1) 0.053(1)
C(111) 0.1138(5) 0.1680(4) 0.4003(8) 0.101(11)
C(112) —0.0256(4) 0.2827(6) 0.4103(6) 0.079(8)
C(113) 0.0268(6) 0.2205¢7) 0.2108(7) 0.103(11)
C(1) 0.1777(3) 0.4008(3) 0.4768(4) 0.069(6)
O 0.1839(3) 0.4043(3) 0.5713(3) 0.115(6)
C(11) 0.0511(3) 0.4863(4) 0.3549¢5) 0.069(7)
C(12) 0.0418(3) 0.4572(4) 0.2509(5) 0.063(7)
C(13) 0.1058(4) 0.4936(4) 0.1898(5) 0.077(8)
C(14) 0.1550(4) 0.5462(4) 0.255%7) 0.078(8)
C(15) 0.1234(4) 0.5435(4) 0.3588(6) 0.0806(8)
C(21) 0.2830(4) 0.2987(4) 0.3426(8) 0.091(10)
C(22) 0.3178(3) 0.3856(5) 0.3487(7) 0.090(10)
C(23) 0.3090(3) 0.4243(5) 0.2497(7) 0.082(9)
C(24) 0.2699(4) 0.3632(5) 0.1822(6) 0.089(9)
C(25) 0.2541(4) 0.2868(5) 0.2392(8) 0.092(10)
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X-Ray structure of Cp.Ti(PMe j(COj (3}

The data were collected at 20°C on a Philips PW-1100 diffractometer with
graphite crystal monochromated Mo-K,, radiation (A 0.71069 Ay The crvsial
fragment had the dimensions 0.3 > 0.3 > 0.5 mm and was sealed i a Lindemann
glass capillary.

Crystal dara. Orthorhomic. space group Phea. a 157332y b 15022120 ¢
124752y A. Z =8, Dicalcy 1271 g em ™

Intensity data. 6 /28 scans, §(max) 257 Lp correction: no absorption correction
(6.2 cm ). 2370 independent reflections: for the following calculations the 1820
reflections with #, > o( £, were used.

The structure was determined by the Patterson method. All H atoms could be
located in AF syntheses. Their parameters were also refined. Final R indices:
R=0.064: R _(F)=0048.w "= g (F)+0.001F". The maximum of residual elec-
tron density was 0.42 ¢A . Atomic coordinates are listed in Table 3 [14]. Form
factor values for neutral atoms were used [15.16]. Anomalous dispersion terms were
from [17]. Program system used: SHELX-76 [18].

X-Ray structure of Cp TiCliPMe ) (7}

A crystal of dimensions (0.2 x 0.2 x 0.4 mm was sealed in a glass capillary. Data
collection was as for 3.

Crystal data. Orthorhombic. space group Phea, « 15.7585(a). & 14.950(4
122173 A, Z=8; D(caley 1.337 gem

Intensity data and corrections as for 3. no absorption correction applied (p 8.0
cm 'y 2535 independent reflections: for the following caleulations the 1962 reflec-
tions with [ F, | > 30(F,) were used.

The structure was determuined by the Patterson method. H atoms were Jocated in
A/ maps. Their contributions to the F's were taken into account. but their

parameters were not refined. Final R indices: R= 0066, K _{ F = 0061, w ' =

TABLE 6
ATOMIC COORDINATES FOR Cp.TiCHPMe,) (7}

Atom R\ v bt Lo

Ti .1753(H 0.0910¢1) 0.3235(1) 00357
i .1689(1) 0.0990¢1) 0.5261(1) D071
P 0.0708(1) 1.2244(1) 0.3455(1}) Q0411
Caih = (.0250(3) 1.2025(3) 0.4268(4) L0596}
(112 0.0245(4) 027214 1.2219(4) [BROARIEN
C(113) 011254y G233 (L4180 BRI
C(1nh 0.3223(3) 0 1128(5) (1.3522(6)

C12y 031534, 0.0692(d) 0249 %

Cri3) 0.2733(4) 0.1237(6) G821

C(14y 0.2567(4, 0.2047(5) G.2337(7)

C(15) 0.2862(4; 0.1974(4) 0. 34007

Ci21y 013145 - 008773 0342003

Ci22) 0.0579¢4) = (L0054 0.345716)

23 0.0483( ) O.0330(d)y 0.2450(63

Ct24) 0112405 0.0039(4) 017965

C(25) 0.1643¢(4 - 0.0512(3% (.2383¢6)
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62(F)+0.00006F% The maximum of residual electron density was 0.42 eA™>.
Atomic coordinates are listed in Table 6. Other details were as for 3.

Additional data for both structure determinations can be obtained from the
Fachinformationszentrum Energie Physik Mathematik, D-7514 Eggenstein-
Leopoldshafen 2, by quoting the depository number CSD 51444, the names of the
authors and the journal citation.
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